INTRODUCTION
There have been many applications of adhesively bonded structures in the aerospace industry and a need for nondestructive evaluation of bond strength is evident. Standard strength measurement of a lap joint requires loading until the weakest link fails. That weak link may be an adhesive interface failure, as shown by the fracture surface of an AF -191 specimen ( Fig. 1) , or a cohesive failure of the adhesive layer itself, as shown in the delamination of a two layer FM-300 adhesive containing carrier cloth (Fig. 2) . In recent years there were several attempts to use ultrasonic measurements (e.g., velocity, attenuation, or reflection coefficients) to evaluate bond strength. The weak link that affects strength, however, may not significantly affect these linear parameters. In contrast, measurements of nonlinearity parameters or their variation are sensitive to certain pathological material states [1] . In another work it has been demonstrated that plastics experienced an increase in the value of nonlinearity parameters prior to fatigue failure, while the linear ultrasonic parameters changed very little [2] . In our earlier work [3] we used dynamic acoustoelastic measurements to obtain first and second order nonlinearity parameters in adhesive joints. First order nonlinearity parameters may be obtained from the stress dependent sound velocity or from harmonic generation, and may be expressed in terms of the second and third order elastic constants. Second order nonlinearity parameters may be obtained from the stress squared dependence of the sound velocity and may be expressed in terms of the second, third and fourth order elastic constants. We have shown that the first and second order nonlinearity parameters are related to tensile and shear stress induced acoustoelastic effects, respectively. The objective of this paper is to present the variation of these nonlinearity parameters with temperature, creep, and fatigue, all of which affect strength. Figure 3 shows the computer controlled system specially designed for these measurements. The specimen, shown on the top of Fig. 3 , was designed for uniform simple shear stress. It had a lap of only 0.35" connecting the 0.25"-thick aluminum adherends. Despite stress concentrations at the ends (Fig. 4) , the shear stress distribution is fairly uniform, ranging from about 90% to 125% of nominal [4] . Stress normal to the lap is low; going from tensile stress at the ends to compressive stress at the center of the lap.
METHOD AND INSTRUMENTATION
An ultrasonic 5 MHz 114" shear transducer is centered on the lap polarized in the load direction to superimpose a small additive shear load to the externally applied load and achieve the highest sensitivity. Custom software controls the load and calculates the nonlinearity parameters. The ultrasonic velocity variations are measured using a high resolution fixed length delay, triggering on the first adhesive echo. The delay is set equal to the travel time to the back surface adhesive echo zero crossing under a no load situation. At the end of the delay, a measurement of the amplified transducer voltage is made. The boxcar averager contains a delay, a sample hold, and an averaging circuit. The back surface average voltages, loads, temperature, time, and automatic voltage to time calibrations are stored for each fatigue cycle. The attenuation is measured by calibrating the slope of the back surface adhesive echo. The time delay is readjusted for the zero crossing after each fatigue cycle to track the back surface echo. Load is cycled through zero to accentuate the difference between first and second order effects (Fig. 5) . The custom software calculates the first and second order acoustoelastic correlation coefficients of stress, yielding the nonlinearity parameters C1and C2 respectively.
(1) By dividing equation 1 by the initial velocity the equation becomes unitless and then the measured first and second order coefficients have units of (lIKSI) and (lIKSI2), respectively. Note that the velocity decreases for both positive and negative excursions of load. This indicates that C2, the second order coefficient of the acoustoelastic equation, is negative. The negative value indicates material softening. The variation in the reduction of velocity change from positive to negative stress indicates a non-zero value of C 1, the standard acoustoelastic constant. We measured these first and second order coefficients, and occasionally the 3rd and 4th order coefficients, to further characterize materials and material states.
We chose test parameters associated with changes in strength. For instance we used different adhesives, changed the temperature, added creep loading, and fatigued the samples to change their strength and obtain indirect correlation of the nonlinearity parameters to strength. Finally, we broke the samples to correlate with strength directly. Optical micro graphs of fractured surfaces were taken and analyzed for crack progression with fatigue cycles.
RESULTS AND DISCUSSION
The test parameters, indirectly associating acoustoelasticity and strength, will be discussed first, then the direct correlation with destructive tests will be shown. Figure 6 shows that nonlinearity increases with temperature by approximately 1 % per degree F for FM-300 adhesive. This high sensitivity suggests that temperature measurement or control is required. However, strength is also affected by temperature along with other mechanical properties. Manufacturer's data on adhesive FM-73 (Fig. 7) shows that the strength changes by about 114% per degree F between 73 F and 140 F. Figure 8 shows the sensitivity of modulus, velocity, and acoustoelasticity to temperature. The units are in terms of the relative sensitivity of strength to temperature for FM -73. The ultrasonic velocity is proportional to the square root of dynamic modulus; hence, velocity would be expected to vary half as much as the modulus. However, the velocity varies by much less than half of the static modulus, and in doing so demonstrates an insensitivity to static testing rates such as in strength tests. During the test to failure the tangent modulus drops dramatically as seen by a sharp curvature, or knee, in the stress strain curve (Fig. 7) . This curvature is expressed mathematically by the higher order constants that are related to the measured first and second order acoustoelastic parameters. The higher order acoustoelastic parameters are appropriately more sensitive to the decrease in strength while the velocity is not. Modulus decreases with temperature; nonlinearity increases as Fig. 7 implies. While this dependency indirectly correlates nonlinearity with strength, it demonstrates sensitivity to the curvature before failure. I  I  I  I  I  I  I  I   I  I   I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I TIME --6. Experirrent --Curve fit In the middle of a fatigue test the maximum load was maintained for hours to induce a creep strain. Fatigue cycles were resumed. Later, the minimum load was held, before cycles again resumed. Figure 9 indicates the creep effect on the nonlinearity parameters. The first order coefficient is strongly affected by creep strain, while the second order coefficient is not. Uniform creep strain, upon the release of a load, results in no residual stress. This is the case for shear stress and strain, but not for the normal stress and strain. In contrast to the shear stress, stresses normal to the lap induced by the residual strain are not relieved by unloading the sample, and are conceptually responsible for the change in the 1 st order coefficient. After about 20 fatigue cycles around zero applied stress, the return of the first order coefficient to previous levels indicates the residual stress has as been relieved by viscoelasticity. Mathematically, we would expect the exact same behavior if an offset shear stress of about 0.5 KSI were superimposed on the specimen in the middle of a fatigue test. Simply expand the stress in the acoustoelastic equation (Eq. 1) to explicitly include both fatigue load stress and a constant offset or residual stress (Eq. 2). Then by collecting the terms proportional to the load and load squared, we see that the second order coefficient, of load squared, remains unchanged while the first order coefficient is increased proportional to the offset stress (Eq. 3). This allows calculation of offset stress. (1)
Temperature Effects
V(cr) = (VO+C2croffset 2 +C l croffset) + (2C2 croffset +C l) crfatigue load + C2 crfatigue load 2 (3)
Conceptually, the symmetric 2nd order acoustoelastic coefficient would not be influenced by the offsets, unless higher order terms were significant. We measured the 3rd and 4th order acoustoelastic constants to confirm they were small. To do this the velocity change was modeled as the fourth order polynomial in stress, and the coefficients were calculated.
Fatigue Effects
Fatigue produced strong changes in both strength and nonlinearity. We know that above some endurance limit the sample will sustain fatigue damage and eventually fail. This damage may be distributed micro cracks, a growing fatigue crack, or both. Both effects contribute to nonlinearity [5, 6] . We concentrated our attention on adhesives that failed adhesively, not cohesively. Figure 10 compares the variation of linear parameters, including velocity and attenuation, and the 2nd order acoustoelastic constant during fatigue life of the ductile AF-191. All values are relative to their initial value and attenuation is calculated in decibels. Velocity change is small, and on this relative scale, imperceptible. Attenuation, is under 2 dB until the final cycles before failure. The 2nd order acoustoelastic coefficient increases by a factor of 7 and starts to do so at about half of its fatigue limit of 7500 cycles. The brittle FM-355 adhesive shows similar results (Fig. 11) . Here both first order and second order nonlinearity are plotted on a relative scale with velocity. Note that second order nonlinearity is rising strongly prior to failure. Velocity is relatively constant. First order nonlinearity is dropping until just before failure. Figure 12 shows the 1st and 2nd order acoustoelastic coefficients for each fatigue cycle of another AF-191 adhesive sample. The 2nd order coefficient is negative indicating lowering of velocity due to material softening. When failure is eminent, the coefficient increases quickly in the negative direction. Hundreds of cycles earlier this trend can be noticed. The progressive softening is an expected precursor to most failures. However, the 1 st order coefficient drops through zero and changes sign. This reduction to zero acoustoelasticity was not anticipated, and does not seem to indicate a decrease in strength. Examination of the stress distribution in the specimen sheds some light on the phenomena. Figure 4 indicates the stress distribution in a 0.35-inch lap joint starting from the center of the lap to the edge. The shear stress is relatively constant, while the stress normal to the lap is negative at the center and positive at the edges. Previously we had shown that by moving the transducer from the center to the edge, the sign of the 1st order coefficient changes as the sign of the normal stress changes [3] . In this case it was assumed that a growing fatigue crack would move the edge of the lap across the transducer. If this happened the first order coefficient would change sign.
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To test this we modulated the fatigue stress under software control to give 3 cycles of nominal stress, followed by one cycle with the maximum stress only 2/3 of nominal, and a cycle with a maximum stress of 4/3 of nominal. This group of 5 cycles was repeated until failure. When the adhesive surface fractured, micro graphs (Fig. 13) clearly showed the different stress cycles: three crack extension lines, the last of which is darkened (but not extended by the 2/3 of nominal stress), and a heavy line after a crack extension of about 5 times that at nominal cycles. About 100 cycles could be counted on this specimen. Their extensions were measured from the point of final fracture. By subtracting successive crack extensions from the final crack arrest line, the crack length was calculated. Figure 14 shows the known crack length and nonlinearity versus fatigue cycles. The second order coefficient was recalculated using the remaining crack-free area and load to determine the shear stress squared to which it is correlated. This revised second order coefficient is also plotted. For this specimen, most of the final increase in acoustoelasticity was due to the crack extension.
Correlation with Strength
Like fracture toughness, higher order constants are material properties. They should not change as failure draws near unless the material is changing. A plastic change may occur only near the crack tip and not throughout the bulk of the adhesive. Hence, when we corrected for the increased stress due to the presence of an extending planar crack of limited plastic volume, little change is seen in the second order coefficient. However, if we are looking for a bad adhesive area we may look for an apparent increase in the 2nd order coefficient. If we already knew an extended single crack was present we would know failure was near, due to the higher stresses. This second order change in velocity is sensitive to damage, because it is proportional to stress squared. Since we usually do not know the extent or the distribution of cracks, we may consider the measured 2nd order coefficient as an indicator of approaching failure. Accordingly, the final result (Fig. 15) shows the 2nd order coefficient is inversely related to strength. As the 2nd order coefficient grew, the strength decreased during fatigue. Each X represents the breaking strength of a specimen and the change in second order acoustoelasticity. Typically the initial value for this sample was -0.0005 (KSJ-2).
CONCLUSIONS
Both 1 st and 2nd order acoustoelastic parameters are strongly affected by fatigue in adhesive joints, while attenuation and velocity changes are small. Both parameters increase in magnitude with temperature. Reversible creep strain does not affect the 2nd order parameter, but does affect the 1st order parameter. Destructive tests on AF-191 indicate an inverse correlation between shear strength and the magnitude of the 2nd order acoustoelastic parameter. 
